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FOREWORD

This report was prepared by The Boeing Aerospace Company, Seattle,

Washington, under Air Force Contract F33615-73-C-5120, "Exploratory

Development on Hydrogen Embrittlement of High-Strength Steels During

Machining". The contract was initiated by the Air Force Materials

Laboratory under Project No. 7312, Task No. 731201. The project

scientist monitoring this program was Captain Phillip A. Parrish,

AFML/LLP.

This report covers work performed during the period of 1 April 1973

through 30 June 1973 and was submitted by the author in July 1973. This

* report is also released as Boeing Document D180-17582-1 for internal

control at The Boeing Company.

This program was conducted by the Research and Engineering Division of

The Boeing Aerospace Company, Seattle, Washington, under the supervision

of H. W. Klopfenstein, Structures Research and Development Manager. The

Program Leader was Mr. G. E. Hughes, Supervisor, Materials and Processes

Group and the Technical Leader was Dr. K. B. Das. Mr. J. F. Bruggeman,

from Manufacturing Technology group, monitored test specimen fabrication.

Hydrogren analysis was conducted by K. R. Torluemke and the specimen

grinding was done by R. Gossett under the supervision of H. Hansen, V.

Knott and R. Peterson.
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ABSTRACT

This experimental progran was undertaken to investigate the possibility

of machining flulids being a source of hydrogen for a given strength

aerospace structural alloy. 'Unexpected catastrophic failure of high

strength steel structures can occur as a result of hydrogen .mrittenent

if the material absorbs high levels --f hydrogen during fabricr-tion or

when the hardwarc is in use. Test specimens made of AISI 4340 high

atrength steel (heat treated to 260,000 -280,000 lbin2 strength level)

of knmwn hydrogen concegtration were subjected to a specified, schedule of

gentle and abusive milling and 6Lndn oprhosui8 ifrn

machining fluids. W'Ollowing -the machining operatior the specimens 'Were

analyzed for excess hydrogen above the base level with a-Boeing developed

'Utaonitv ydoenAaysis System t  A total of six dIfferent'

machining fluids. with- -different active chemical tomponents: were used In

this study. Experivaeutai'results are-presented with a atatistical

analysis of the hydrogen concentration data.
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1.0 INTRODUCTION

Hydrogen as a causative agent in adversely affecting the mechanical prop-

erties of high strengtt, aerospace structural materials, especially high
I

strength steels, is w3ll known . Stress corrosion cracking in titanium
2

and other transition metal alloys has been attributed to hydrogen and
3

porosity in aluminum welds due to hydrcgen is well documented . Once

hydrogen enters high strength steels these metals can lose their ductility

and depending on the level of hydrogen can suffer brittle failure when

subjected to stress. This much studied but still vaguely understood

process is known as "hydrogen embrittlement". In some cases presence of

only trace amounts of hydrogen will greatly reduce the tolerable stress

levels below those which a high strength steel structure is initially

designed to withstand, leading at times to unexpected catastrophic failure

as a result of hydrogen emritlement. The exact concentration of hydro-

gen which may be deleterious to the strength of a steel structure is not

clearly known, although the published literatuTe suggests the amount to

be very small. Also described in the literatureI is the fact that the

resistance of statically loaded, hydrogen containing high strength steel

to delayed brittle failure decreases rapidly with increasing strength-

level 4 after a limiting value has been exceeded. The practical importance

of this phenomenon is vividly illustrated when one looks at the ever

increasing demznd for steels of higher and higher strength levels for

weight saving in the aerospace industries.

2.0 GENERAL BACKGROUND AND OBJECTIVE OF THE PROGRAM

Hydrogen may be absorbed by metals both during processing and when the

finished products are in use. Certain operations in the fabrication of

ferrous alloys which are particularly prone to the introduction of hydro-

gen include heat treatment, hot working, welding, chemical milling or

pickling, and electroplating. In general, any process producing atomic

hydrogen on the surface of a metal can introduce hydrogen into the

metal. Some 15 years ago the hydrogen embrittlemsnt phenomenon became

a matter of serious concern because of the increasing frequency of

1



of brittle failures of electroplated landing gears, cadmium plated steel

fasteners, and weaponry. This problem still exists today in spite of

improved quality control of fabrication operations. Comparatively little

work has been done in the domain of correlating hydrogen content to hydro-

gen embrittlenzent. Very little is known about the relationship between

the distribution of hydrogen inside the metal and its embrittlement

behavior. This is because of the technological difficulties in accurately

measuring the hydrogen content in the low parts per million range. -As a.

result of this measurement problem industries have tried to identify and

eliminate all the possible sources of hydrogen in an attempt to reduce

the susceptibility to brittle failures of hardwares.

The Boeing Aerospace Company's strong interest in maintaling adequate

cost effective hydrogen detection capability for controlling and further

studying this vital problem of hydrogen embrittlement~hasbeen demon-

strated by the continuation oi development studies during'the-past Several

years. Such studies have led to the development of a unique "Ult'rasensi

tive Hydr,*en Analysis System" which can detect hydrogen concentrations

cf as low a a few parts per billion in a carrier gas stream. High

detection sensitivity and the use of a unique calibration standard gives

accurate results in the low parts per million range for the bulk hydrogen

analysis of a material.

Among the list of sources that have been identified machining fluids

being a possible significant source (during a specific machining operation)

is missing. For exampile, two of the most important functions of a

grinding fluid are cooling and lubrication. However, the heat generated

during a typical grinding operation could often be sufficient to break-

down the hydrocarbon based grinding fluid thereby providing a source of

nascent hydrogen on the grinding wheel-workpiece interface. The theoreti-

cal possibility of machining fluids as a hydrogen source, the lack of

knowledge of dangerous hydrogen levels and the timely development ofthe

uniquely sensitive and cost-effective Boeing's Hydrogen Analysis-System"

precipitated into this study program.

2



The objective of this study program was to deterrmine if chemical reactions

with macbining fluids during a preselected machining operation can be a

significant source of entrapped hydrogen. Test specimens made of AISI

4340 high strength steel (heat treated to 260,000 - 280,000 lb/in 2

strength level) of known hydrogen concentration were subjected to a

specified schedule of gentle and abusive milling and grinding operations

using different machinirg fluids. Following machining the specimens were

analyzed for excess hydrogen above the base level with the ultrasensitive

"Hydrogen Analysis System". A total of three different oil base and

three water miscible oil emulsion machining fluids, composed of different

active chemical components, weze used in this study. Experimental

results are prcoented with a statistical analysis o: the hydrogen con-

centration data.

3,0 EXPERIMENTAL

3.1 'HYDROGEN ANALYSIS SYSTEM

A schematic of the hydrogen detector is showin in Figure 1. The

system essential - consists of an airtight specimen holder which is

placed inside the work coil ef an induction heater for the -urpose

of extracting hydrogen from the test specimen, a micro-quantitative

gas metering system or MGM system, a semi-permeable membrane (from

here on referred to as SPM), a vac-ion pump, and a source of high,

purity argon gas. Hydrogen present as water, organic material as

well as elemental, is released from a metal by heating the metal.

The hydrogen thus liberated is directed toward the activated SPM

by the flowing argon gas (carrier gas). The SPM lets only hydrogen

permeate through it while remaining impermeable to other gases.

On the other side of the SPM is a continuously pumped high vacuum

chamber (ion-pump housiug). Thus the SPM has a high vacuum on one

side and about one .tmosphere pressure on the other.

The pressure in the ion-pump chamber is measured by monitoring the

ion-current through the pur'. Once the chamber Is pumped down to
4ts base vacuum, any permeation of hydrogent through the SPM will

3
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result in an increase in the ion-current reading as seen by the ion-pump.

An increase in the ion-current reading is therefore directly proportional

to the amount of hydrogen in the carrier gas stream. Thus, if the detec-

tor readout is calibrated by introducing known amounts of hydrogen in the

vacuum system, thereby establishing a relationship between the concLntrc-

tion of hydrogen in the gas stream and the ion-current readings, one can

easily estimate the amount of hydrogen in the gas stream from an unknown

source. In the present case the detector is calibrated by introducing

known amounts of hydrogen in the vacuum chamber by the MGM system, and

a relationship is established between the concentration of hydrogen in

the gas stream and the ion-current readings. Such a calibration proce-

dure also provides a check for the linearity of the detector and gives a

measure of its sensitivity. The sensitivity of the detector depends

upon the flow-rate of the carrier gas, and the temperature of the SPM.

Thus, in order to maintain the same permeation efficiency for hydrogen

from the MGM system and the test specimen it is essential to keep these

parameters constant.

For bulk hydrogen analysis the experimental approach essentially consists

of extracting hydrogen from the test specimens using an induction furnace

and then measuring the amount of hydrogen thus extracted with the hydrogen

detector. Hydrogen, after permeating through the SPM, arrives in the

detector housing where it is detected by an appropriate sensing element

and an instantaneous electrical signal representative of the amount of

hydrogen present is recorded. In practice when the specimen is heated

the time for complete extraction of hydrogen depends upon the ratc at

which hydrogen diffuses out of the specimen. This rate of diffusion is

proportional to the temperature of the specimen and as such the time

required for complete extraction of hydrogen depends on how rapidly the

temperature of the specimen is raised. In the case of bulk hydrogen

analysis the Instantaneous hydrogen signal generally traces out a

Maxwellian type of curve representing complete extraction of hydrogen

from the test specimen. When this curve is integrated electronically

it results in an S-shaped curve giving a direct numerical value for the

area under the Maxwellian curve.



The design of the syse m is such tioat -not all the hydrogen directed toward-

the SPHt goe.s through the detector. Moreaover, the diffusion of hydrogeiR

through SPM itself is a time depen- ir-t process. When using an induction

furnace such factors are eliminated b', following a special oper.Atin

techiIque. Here the sample is heated !-o its m~elting point in programmxed

maanner and held at this temperature untcil complete extraction of hy#ogen-.

is accomplished. Both the instantaneous and integrated hydrogen signals

are recorded as a function of time. Folowing the hydrogen extraction,

at the same carrier gas flou.-rate (dv/dt) a known amoitnt of hydrogen,

is introduced into the gas stream from. the M4GM system for a precisely

known time at. The 4M aystem consists of a pinched capillary tubing

with one of its-~ends connected to the carrier gas channel and the other

connected to a high purity hydrogen bottle, -a low pressure gas regulator,

-u- ga bleed--off syste;m. By regulating the hydrogen-gas pressure, -

varying amounts of hydrogen can be introduced inte. the carrier-gas

stream. The rate of hyd~rogen gas flow through -the pinched capillary-isIdeatermined by connecting it to a glass capillary tubing (of ptecisely
known dimensions) containing a little slug' of mercury. From the know-

ledge of the area-9f cross-section of the glass capillary and t~e time

taken for the mercur~y column to move a given distance, the-rate (dV/dt) H
is computed. The ratio of (dV/dt) P and (dV/dt) Ar then -gives a measure

of pp,-q of hydrogen in the carrier gas stream. It sho~uld be noted that
-.4

(dV/dt) =l0ce is much smaller than (dV/dt)Alc/wn Further-H t~~in rliic/wn
more, the product of (dV/dt) H' At, and density of hydrogen "p SH gives

the amount of hydrogen M4, in grams, introduced into the gas stream in

time At. The units of the integrated signal is coulombs. Thus if the

* integrated signatl from the known hydrogen input M1 (grams) and the test

sample is.Q 3nd Qcoulombs respectively, the amount of hydrogen M 2
(grams) from the test-sample can be calculated from the relationM

(2/Q1) 1k

To further illustrate the method of analysis an example of a (certified)

BSsample is given here which had a known hydrogen concentrationofI32 +

2 ppm. Af ter pumping the detector housing down, to its base level a

carrier gas flow-rate of 50 co/mmn was chosen for the experiment.

6



Thereaftgern: ydrgei was extracted from the NES sample by heating.,the

specimen in the induction furnace. Me~ ttze f or complete extraction from

this sample,-which weighed 0.1847 gins, waa about 36 minutes. The inte-

. .. gated hydrogtn signal gave a value c'f 190400 microcoulombs. Thereafter,

by appropriately .reguafg th.ydoeng.1rssr on the M4GM system

and ttaining the same carrier gas flow-rate of 50 cc/min, hydrogen was

introduced into th e argon gas s tream at the rat of1.5 ~ Cc/tin

for. 4.0 miutes Ini -otle 1odi fu ,63 06 grams of.

hydrogen was introduced into the gas:-streAMi*.. This gave an integrated

* ~hydrogen signal f 207000 iicrocoulombs. Usingterlio

2070 0 ' x 0 Ccul 190400 x 10 Coul

5.38 x 10o6  X grams

-6
or X 5.869 x 10 grams,-

* . the to..al bulk hy-irogen in the NBS sample was found to be 5.869 x T

grams. Dividing X by the weight of che sample gives the level of hydro-

gen in ppm by weight which in this case was 31.78. This value, as can be

seen, is well within the uncetainty~limits of the NBS sample..

In the present program the test speci~mens were analyzed for hydrogen con-

tent in an identical manner as described Pbove for the NBS speacimen. A

typical curve for the hydrogen aualysis of a NBS standard containing

215 + 6 ppm hydrogen is shown in Figure 2. Ltring the course -of this

experimental program certified NES samples cotitaining 32.+ 2 -PPM Or 98+

5 ppm of hydrogen were analyzed at a schedule of one ppr wedk toa cross.

check the. detector,'s performahce and accuracy.

Am,1
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3.2 TECHNICAL APPROACH

The technical approach essentially consisted of subjecting test

specimens made out of AISI 4340 high strength steel of known hydro-

gen concentration, to a specified schedule of gentle and abusive

milling and grinding operations, using machining fluids of differ-

ent active chemical components (neutral, chlorinated and sul-

furized) typical of commercial fluids. The machined specimens were

then analyzed for excess hydrogen with the ultrasensitive hydrogen

analysis system. The sequence of events is shown in the events

logic diagram, Figure 3.

3.2.1 Preparation of Base or Starting Material

The AISI 4340 steel stock ma!-rial (ordered per requirements of

AMS specificition 6359A) was 3/8" thick and 6' x 6' in size.

Specimens for hydrogen analyses were approximately cubical in shape

(1/4" x 114" x 1/4"). These dimensions were determined by furnace

allowances, such as diameter of the quartz tubing and work coil

requirements of the induction heater.

The base material was prepared by end milling the as-received sheet

stock material (prior to heat treatment) as per the schedule out-

lined in item A.1 of Table II. End milling was carried out to

reduce as-received materfal thickness to about .030 in. over the

actual size of the final finished test specimens. The material in

this milled condition is referred as base material in the follow-

ing sections. Both sides of the specimens were machined. Final

thickness of all test specimens were 0.25 inches.

3.2.2 Hydrogen Annlysis of Base Material

A three inch long and 1/4 inch wide section was obtained from the

base material prepared in 3.2.1. Both sides of this piece was

milled as per iteve A.1 oi Table II to its final thickness of 0.25".

This final milled piece was then heat treated by austenizing at

9
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1550*F for one (1) hour and oil quenching, followed by tempering

at 425*F for two (2) hours to obtain 260,000 - 280,000 lb/in 2 ten-
sile strength condition.

Thereafter the sequence of events proceeded as follows:

a. Twelve (12) samples about 0.25" L x 0.25" W in size were cut

with a clean carbide blade.

b. All the samples were then cleaned (soon after cutting the

specimen adequate time was given for cooling and the specimens

were always handled with forceps) as per cleaning procedure C1

shown below:

o Wash with acetone

o Wash with carbon tetrachloride

o Wash with pure Freon 113 (distilled and stored in steel

container)

c. After the above cleaning cycle, the specimens were thoroughly

dried anc' then weighed carefully. From here on, the samples

were always stored in a clean, dry dessicator.

d. The above set of twelve samples was then divided into two

batches of six each. One batch of six samples was annealed

at 1200*F for three hours in a vacuum furnace and furnace

cooled. The specimens were stored in a dessicator after the

heat treatment.

e. The remaining six unannealed samples were analyzed for hydrogen

concentration. A statistical analysis of the concentration data

was conducted to determine the standard deviation, and to express

the random variation from the average value at a 90% confidence

level.

f. The annealed specimens were then analyzed for hydrogen content

and the results expressed as in 3.2.2(e).

3.3 MACHINING FLUIDS

Six model machining fluids were chosen for this study program.

These represent the numerous and different machining fluids com-

monly used in machining. The compositions of these fluids are

provided in Table 1.

11



They include:

o Oil Base Cutting Fluids

o Neutral

o Chlorinated

o Sulfurized

o Soluble Oil Emulsions

o Neutral

o Chlorinated

o Sulfurized

3.4 HYDROGEN ANALYSIS OF SPECIMENS SUBJECTED TO LOW STRESS GRINDING
OPERATIONS

For this phase of the study an appropriate section from the base

material (as prepared in item 3.2.1) was obtained which was suffi-

cient for preparing 72 samples of about 1/4" x 1/4" x 1/4" in final
size. The cut section was heat treated as per procedure outlined

in 3.2.2. Subsequent to heat treatment, a batch of 72 samples vas

prepared as per 3.3.2(a) through 3.2.2(c). After dividing the

samples into two batches (36 in each batch), one of the batches

was annealed at 1200*F for three hours as in 3.2.2(d). The other

portion of the base material was saved for abusive grinding study

(3.5). Thereafter the analysis proceeded as follows:

3.4.1 Unannealed Specimens

The samples were divided into groups of six each. A predetermined

amount of material was machined by the machining method detailed

under Sections A.2 and B (grinding after heat treatment and low

stress grinding conditions - final cuts) of Table II using one of

the prescribed machining fluids as described in 3.3. (Both sides

of the specimens were machined). After machining, all the speci-

mens were cleaned by the cleaning procedure C2 as shown below:

12



o Agitate specimen in naphtha for five minutes - drain.

o Imerse in boiling solution of alkaline cleaner (500cc water +

32 g-.s of KELITE 235) for 10 "innutes.

o Rinse in hot distilled water.

o Successive*. run in distilled water until no residue alkali is

detected.

o Blow clean with filtered dry air.

a. Thereafter, three out of six specimens were analyzed for

hydrogen concentration. The remaining three specimens were

analyzed for hydrogen after following cleaning and storage

procedure C 1 (see 3.2.2(b)). Such an analysis gave the

following information:

Amount of hydrogen introduced (if any) in 4340 steel having

4 kncm base level of hydrogen durln 4 gentle machtuln

operation as described in Table II usi'ng a specific model

machining fluid.

b. The above procedure (3.4.1(a)) was repeated with the remain-

ng five groups of specimens using the same machining

techniques (Table II:A(2) and (B)), using each of the other

machining fluids specified in 3.3 and analyzing for hydro-

gen concentration.

3.4.2 Annealed Specimens

Annealing the cut samples at an elevated temperature in a

vacuum furnace should remove most of the hydrogen from the
specivmens. Furthermore, the cutting operation leaves the speci-

mens in a highly sr! assed state with a large density of disloca-

tions. A large density of dislocations implies an open structure.

Literature shows5 ,6 that such o specimen is liable to absorb more

hydrogen when subjected to hydrogen atmosphere than one which has

a much smaller density of dislocattons or a relatively closed

structure. The above amnealing operation should therefore pro-

vide specimens with much smaller density of dislocations in their

starting material compared to their unannealed counterparts.

All the annealed specimens were subjected to a similar analysis as

outlined in 3.4.1.
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3.5 HYDROGEN ANALYSIS OF SPECIMENS SUBJECTED TO ABUSIVE GRINDING
OPEIVATIONS

From the remaining portion of base material used in 3.4 a batch of

72 samples was prepared as per 3.2.2(a) thru 3.2.2(c). Thereafter

the entire procedure as outlined in Section 3.4 was repeated using

the abusive machining technique described in Table III for each of

the prescribed model machining fluids as given in 3.3.

3.6 VACUUM ANNEALING, MILLING AND GRINDING OPERATIONS

Subsequent to milling the specimens were heat treated to 260,000 -
2280,000 lb/in strength level and then divided into two batches.

One batch was annealed for 3 hours at 1200*F at a vacuum level of

1 x0 to 5 x 10 Torr and furnace cooled in a turbo-molecular

pumped, liquid nitrogen trapped Brew vacuum furnace. The samples

were marked U or A to identify their unannealed or annealed condi-

tion. All the specimens were then subjected to either gentle or

abusive grinding (using one of the machining fluids at a time) as

per the schedule outlined in Tables II and III prior to the hydro-

gen analysis. As can be seen from the events logic diagram, Figure

3-3, a total of 24 specimens are required for hydrogen analysis for

each machining fluid. However, since the hydrogen analysis is a

destructive test additional samples are necessary at times to verify

a questionable run. As such 8 additional samples (1 extra sample

for each set of 3) were prepared along with each batch of 24 so

that six reliable readings per sequence of low stress or abusive

grinding (with two different cleaning procedures) and unannealed

or annealed condition can be obtained for statistical analysis.

Soon after grinding, the low stress and abusively ground specimens
were transferred to appropriately marked containers which contained

a small amount of the same mixture of machining fluid as that used

during the grinding operation. After bringing the specimens

from the shop to the hydrogen lab the samples were immediately
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removed from the containers and transferred to a clean dry dessi-

cator for storage purposes. The somupies werb then analyzed for

the hydrogen content one at a time. The analysis time for one

complete batch including the NES sample and any additional required

for further verificatiou was approximately one week.

As stated in the proposal, because of the unavailability of the

called out grinding wheels the foll-iing equivalents were used:

Proposed Wheel Equivalent Used

32 A46 GIOLV AA4-48V 40

A 46 HV A.465J5 V 30

A 46 MV DA 60L 6 Vl1

The aurface grinder used in this program hogd a fifty gallon oil

swaop. However, because of the urnvailability of the righto quantity.

of some of the machining fluids, a five gallon tank fitted with a

portable pump was used' with the surface grinder, The fluid iniec-

tiozi rat# of tile portable pump for a vter soluble oil wa-A measured

to beL182 gallons per~olnute. (To r the wae -fluid, -the injction

rate was. aeasured. to be .3,31 1palons per sinute when the 'Pumping

sechAnism of. tho surfac* grinder was usod.) The type andi mike
-f the sufc-gidr and the por t *ble poop art as follows:

Description KAgarle. Surface Griniet .Gusher Coolant .'usvp

Type or Model ??A 1053. H.P(10 L. mtor)

Hinatuer X.lole brothers Ltd. Rulhaan Macninery Co.

L lter Sw-radCincinnti,.:Ohio

A SMall1 vise iated on. the grindins cable was used to hold the.

specivm in placo. Prior 'to nun'tlng and -after grind-tug,* the

spe imens were et.amined with, a aicroatmter to doublachack their

size and tolerantces. Onct the specImens were a.ounad on the Vid#



great care was exercised to assure that their surfaces were in one

plane so that during grinding equal amounts are removed per pass

from each specimen. The surface grinder, portable namp, sample

mounting configuration, grinding wheel cbnfiguration and actual

grinding sequences with a directed flow of machining fluid arn

shown in Figures 4, 5, 6, 7, 8 and 9, respectively.

4.0 EXPERIMENTAL RESULTS AND DISCUSSION

4.1 HYDROG!c; ANALYSIS, HARDNESS AND MICROSTRUCTURE OF THE BASE MATERIAL

The hydrogen analysis of the base material from Batch #1 is sum-

marized in Table 4. The mean hydrogen coutert of six unannealed

and six annealed specimens (at 90% confidence level) was found to

be 1.49 + 0.15 and 0.98 + 0.20 ppm, respectively. Base specimens

consisting of six unannealed and uix annealed samples (Batch #2)

prepared from yet another section of the same sheet stock material

as Batch #1 gave a hydrogen content reading of 3.06 + 0.73 and

3.50 + 0.60 ppm, respectively, as shown in Table 5. Tho high ran-

dom variation from the mean at 90% confidence level in the above

base material should not be considered as unusual. Also the wide

variation in the hydrogen readings in the two batches for the

respective unannealed or annealed condition is not surprising as

in our own laboratories we have frequently observed such variations

in the as received material where no specific attempt was made to

homogenize the hydrogen distribution.

After the heat treat operation the mean hardness and the corre-

sponding tensile strength of the milled surfaces for the unannealed

and annealed specimens were as follows:

Specimen I.D. Hardness Tensile Strength, Ksi

Unannealed 51.18 266

Annealed 27.65 128
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The microstructure of these specimens was also examined. Photo-

-icrographs of the structures (at 1OOX and 500X) for the unannealed

and annealed specimens are shown in Figure 10. Both microstructures

show fairly comparable grain size. Presence of martensitic struc-

ture is also evident in these photomicrographs.

From the data given in Table 5 it can be seen that the hydrogen

content determinations of the base material are independent of

the two procedures used to clean the specimen surfaces. It should

be noted that the cleaning procedure C2 involves a high temperature

operation whereas C1 cleaning involves the use of degreasing sol-

vents at room temperature.

4.2 HYDROGEN ANALYSIS, HARDNESS AND MICROSTRUCTURE OF MACHINED SPECIMENS

It is known that any process producing atomic hydrogen on the

surface of a metal can introduce hydrogen into the metal. Two of

the most important functions of a grinding fluid are cooling and

lubrication. Cooling protects the abrasive wheel against soften-

ing of the bond between abrasive particles, against fracture of

the wheel by thermal stresses, and minimized dimensional varia-

tion of workpiece caused by thermal effects, thereby stabilizing

the depth of cut. Lubrication reduces loading of the wheel face,

glazing of abrasive points, and friction between the wheel and

the workpiece. However, the heat generated during a typical

grinding operation is often sufficient to breakdown the hydro-

carbon based grinding fluid thereby providing n source of nascent

hydrogen on the grinding wheel-workpiece interface. it has also

been reported that residual stresses induced in hardened steel

by grinding are influenced by the fluid employed as a result of

varying degree of plastic deformation seen by the ground surface.

This section describes the results of the experiments in which

three different oil base machining fluids and three water-miscible

oil emulsion machining fluids were employed to Investigate the
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efficacy of grinding fluids on the introduction of hydrogen in

4340 high strength steel during low stress or abusive surface

grinding operations. The specimens were prepared and analyzed

as per the sequence outlined in sectibns 3.4 and 3.5.

The mean hardness and the corresponding tensile strength readings

of the low stress and abusively ground LSG or AG surfaces of

unannealed and annealed specimens are given below:

Specimen I.D. Hardness, R Tensile Strength, KsiC

Unannealed - LSG 51.7 271

Unannealed - AG 52.4 277

Annealed - LSG 29.0 132

Annealed - AG 29.7 134

The machining fluid in the above case was sulfurized soluble oil.

The microstructure of these specimens were also examined. Photo-

micrographs of the structures (at lOOX and 500X) for the unannealed

and annealed machined specimens are shown in Figures 11 and 12.

The results of the hydrogen analyses are described in Tables 6

through 29 along with a statistical analysis of the hydrogen

data. The tables are arranged in the exact sequence in which

the data was obtained. The last column in these tables gives a

measure of the excess hydrogen over the base level of the amount

of hydrogen pickup by the specimens during machining. The

negative readings in this column as seen in Tables 6, 7 and 8

imply that after machining the hydrogen levels in these speci-

mens were lower than the base material. This result was baf-

fling and quite unexpected. Without any further speculation as

to what could be happening in the case of chlorinated soluble

oil, the system variables were carefully and thorougly checked

and its performance was verified by analyzing a number of NBS

titanium (hydrogen) standards. The results of the NBS samples

were as follows:
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HYDROGEN ANALYSIS OF THE CERTIFIED NBS SPECIMENS BY
"HYDROGEN ANALYSIS SYSTEM'

CERTIFIED NBS CERTIFIED NBS
VALUE VALUE

32 + 2 PPM 98 + 5 PPM

33.76 100.42

32.52 108.43

32.73 100.46

34.27 110.99

31.04 95.56

32.84

36.27

34.55

Having checked the system performance in the above manner the

rest of the samples machined with the chlorinated soluble oil were

analyzed. Furthermore, as a result of such negative readings the

total hydrogen value (base hydrogen + hydrogen introduced during

machining) was used for the entire set of test data to conduct

the statistical analysis so that a meaningful relative comparison

of the test results from the different machining fluids could be

made.

4.2.1 Chlorinated Soluble Oil (XR.J47C)

The total hydrogen content in this case was observed as follows

(see Tables 6 thru 9):

Mean Total Excess Hydrogen
Test Condition Hydrogen Content Over Base Level

PPM PPM

Unannealed - LSG 1.05 + 0.11 -0.44

Unannealed - AG 1.15 + 0.15 -0.35

Annealed - LSG 1.08 + 0.17 +0.10

Annealed - AG 1.25 + 0.25 +0.27
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Here the annealed condition appears to have slightly higher hydro-

gen content than the base level. However, in the unannaaled con-

dition both for LSG and AG operations the readings were lower than

the base level. It is interesting to note that nct one single

reading was above the base level in the unannealed case. The

annealed condition gave slightly higher readings but the increase

was not significant.

In order to reconfirm the above observations this series of experi-

ments was repeated once more. The results are described below

(see Tables 30 through 33):

Mean Total Excess Hydrogen
Test Condition Hydrogen Content Over Base Level

PPM PPM

Unannealed - LSG 4.93 + 0.76 1.87

Unannealed - AG 5.12 + 1.36 2.06

Annealed - LSG 3.80 + 0.74 0.30

Annealed - AG 4.70 + 0.69 1.20

In this series all the readings in the unannealed condition were

higher than the base level but the pattern was not definitive.

However, in the case of annealed condition a total of three

negative readings were observed. Also, from the above data one

would conclude that more hydrogen is picked up by the unannealed

specimen than their annealed counterpart because the unannealed

specimens have an open structure or a higher density of disloca-

tions than the annealed specimens. It will be seen in the follow-

ing sections that this observation was not consistent.

in the first set about 582 of the specimens had negative readings

whereas in the second set only 8Z were below the base level. How-

ever, in these runs (Tables 8, 9 and 30 thru 33) there were also

quite a few other specimens which had a hydrogen content just

barely above the base level. Based on the random variation and

the uncertainty limits in the base level data (Tables 4 and 5)

it is difficult to attribute such small increases to the

29
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hydrogen pick-up duriug machining with this soluble oil. Out of

the entire st of 48 specimens only 43Z were clearly above the

uncertainty limits of the base level signifying a positive pick-

up of hydrogen.

There were also occasional occurrences of abnormally high hydrogen

readings which sometimes approached or went beyond the solubility

Iielt of hydrogen as known for such body centered cubic structures.

These readings are marked with asterisks in the Tables. It is

interesting to note that there was not one single abnormally high

reading in the data described in Tables 6 thru 13. This was first

noted wven the sulfurized soluble oil series were run and continued

to show in the following series including the last run with the

chlorinated soluble oil. The origin of this abnormal behavior is

not known at this time. Since no such high readings are seen in the

base material it appears that this behavior has something to do

with the grinding Gperation. Also the absence of such readings

in the first two fluid series could be due to the wheel wear (the

experiment was started with brand new wheels). These are only

speculations and have to be proven by suitably designed experiments.

In conclusion the following can be said about the specimens ground

with the chlorinated soluble oil:

a. Both in the unannealed and annealed cases, specimens subjected

to AG operation have a higher total hydrogen content than their

respective LSG counterparts.

b. The differences in the total hydrogen content of the unannealed

and annealed specimens appear to be random. Thus from this

set of data it is difficult to conclude if more hydrogen is

introduced in an open structure (unannealed) with a larger

dislocation density than in an annealed structure with relatively

lower density cf dislocations during grinding with chlorinated

soluble oil.
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c. Since this was the only fluid in the entire series of this

program which occasionally gave lower hydrogen readings after

grinding than the base level it is speculated that the solu-

tion chemistry could be responsible for this behavior. The

limited set of data in this program is insufficient to draw

any firm conclusion in this regard. In order co explain the

above behavior suitable experiments should be designed to

answer the following questions:

1. Does this solution act like or have a hydrogen inhibiting

agent?

2. Does this solution or some component of it tie up most

of the hydrogen introduced during grinding in such a

nanner as to retain most of it close to the specimen sur-

face? if so, are we losing this excess hydrogen together

i ith some part of the base level during the C2 cleaning

procedure which involves a high temperature cleaning step?

3. is there a critical ratio of this soluble oil and water in

such grinding operations responsible for such abnormal

behavior?

d. Finally, if this water soluble machining fluid is indeed instru-

mental in ntroducing very little hydrogen or inhibits hydrogen

introduction in high strength steels during LSC and AG opera-

tions it should be considered as a significant finding.

4.2.2 Neutral Soluble Oil (XRJ47A)

The total hydrogen content in this case was observed as follows

(see Tables 10 through 13):

)ean Total Excess Hydrogen
Test Condition Hydrogen Content Over Base Level

PP4 PPM

Unannealed - LSG 2.34 + 0.16 40.85

Unannealed - AG 2.48 + 0.30 +0.99

Annealed - LSG 2.71 + 0,32 +1.22

Annealed - AG 3.32 + 0.94 +2.34
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There were no abnormalities (such as negative or abnormally high

readings) observed in this case. Also from the point of view of

fractional random variation in the test data this was found to

be the best series in the entire program. As can be seen the

random variation at 90Z confidence level was very close to the

variations observed in the base level. On a relative basis both

for L3G and AG conditions the hydrogen contents in the unannealed

specimens were lower than their annealed counterparts. However,

both in the unannealed and annealed cases (H)LSG was less than

MS AG'

4.2.3 Sulfurized Soluble Oil (XRJ47B)

Among the soluble oi series this machining fluid showed the

highest pick up of hydrogen during the grinding operations. The

total hydrogen content in this case was as follows (see Tables

14 through 17):

Mean Total Excess Hydrogen
Test Condition Hydrogen Content Over Base Level

PPM PPM

Unannealed - LSG 5.50 + 2.29 +4.01

Unannealed - AG 4.27 + 1.89 +2.78

Annealed - LSG 4.11 + 1.82 +3.13

Annealed - AG 6.04 + 2.84 +5.06

Here the fractional random variation was found to be the highest

among the soluble oil series. The data clearly shows that among

the soluble oils the sulfurized fluid is the one which easily

breaks down and introduces significant amount of hydrogen in the

test specimens. If the breakdown of water is the chief source

of hydrogen in soluble oils then the chemistry of neutral and

chlorinated fluids is such that they reduce this breakdown or

tie up soup of the hydrogen produced during grinding in some

chemical manner resulting in lover hydrogen levels in the test

specimens. This reaction obviously does not exist in the case

of sulfurized soluble oil where high hydrogen levels are seen.
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However, on the contrary, if water is not the chief hydrogen

producing constituent then the different chemistry of the soluble

oils should be responsible for the observed differences.

Another interesting point to note here is the variation in hydro-

gen levels in the unannealed and annealed specimens. As can be

seen above (H)LSGU > (H)AGU, (H)LsGU > (H)LSGA, (AGV < )AGA

and (H)LSGA < (H) AGA The point of Interest is that the same

sequence of behavior is observed in the sulfurized oil base series.

Also, only two out of 26 specimene in the present case showed

abnormally high readings.

4.2.4 Neutral Oil Base

The oil base machining fluid was a mixture of Primol 205 and

Metholene 2202. The results of the hydrogen analysis are as

follows (see Tables 18 thru 21):

Mean Total Excess Hydrogen
Test Condition Hydrogen Content Over Base Level

PPM PPM

Unannealed - T.SG 4.06 + 0.78 +2.57

Unannealed - AG 5.04 + 1.74 +3.55

Annealed - LSG 6.59 + 2.13 +5.61

Annealed - AG 3.20 + 0.95 +2.31

Only three out of 28 specimens analyzed showed abnormally high

readings. Also compared to the neutral soluble oil the random

variation from the mean in the present case is considerably higher.

As can be seen, both in the unenLaealed znd annealed cases a signi-

ficant amount of hydrogen is introduced during low stress and

abusive griading operations.

4.2.5 Chlorinated Oil Base

This machining fluid was a mixture of Chlorafin 40, Marcol 52,

Marcol 82 and Metholene 2202. The results of the hydrogen analysis

are as follows (see Tables 22 through 25):
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Mean Total Excess Hydrogen
Test Condition Zydrogen Content Over Base Level

PPM PPM

Uuannealed - LSG 4.28 + 1.39 +2.79

Unannealed - AG 4.87 + 1.25 +2.38

Annealed - LSG 5.08 + 1.06 +4.10

Anneal..I - AG 5.04 + 1.05 +4.06

Only three out of 27 specimens analyzed shoved abnorully high

readings. It should be noted that both in the unannealed and

annealed cases the hydrogen readings for the LSG and AG conditions

are very close and fairly high. Furthermore, it appears that the

chemistry of the fluid is such that even in the low stress grind-

ing condition it breaks down quite easily introducing as much

hydrogen as in the abusive grinding operation.

4.2.6 Sulfurized Oil Base

In this case the machining fluid was a mixture of Mayco Base 1216,

Marcol 52 and Marcol 82. The results of the hydrogen analysis are

saumarized below (see Tables 26 through 29):

Mean Total Excess Hydrogen
Test Condition Hydrogen Content Over Base Level

PPM PPM

Unannealed - LSG 5.35 + 1.79 +3.86

Unannealed - AG 5.15 + 1.31 +3.66

Annealed - LSG 4.99 + 0.62 +4.01

Annealed - AG 6.00 + 1.39 +5.02

Only 4 out of 29 specimens analyzed here showed abnormally high

readings. Significant anount of hydrogen is Introduced in the

unannealed and annealed specimens in LSG and AG operations. It

may be coincidential but as said previously the trend of hydro-

gen pickup here is remarkably similar to that seen in the

34



sulfurized soluble oil case. Also as in the case of sulfurized

soluble oil the random variation from the mean in the present

case is quite high. Looking at the hydrogen levels it appears

that this fluid is also capable of breaking down quite easily in

the LSG and AG operations.

4.3 COMPARISON OF THE RESULTS OF WATER SOLUBLE OIL AND OIL BASE
MACHINING FLUIDS

Among the water soluble oils all the three fluids behaved dif-

ferently in as far as the hydrogen levels are concerned. The

chlorinated soluble oil showed signs of inhibiting the hydrogen

introduction and in cases where there was a positive contribution

the hydrogen levels were low. The neutral soluble oil did intro-

duce hydrogen but the range was between 1 to 2 ppm. The sulfurized

soluble oil was by far the easiest to breakdown during grinding

operations and here the hydrogen levels introduced were between

3 to 5 ppm.

Among the oil base fluids all the three fluids behaved in an

identical manner in as far as the hydrogen levels are concerned.

All the three fluids (neutral, chlorinated and sulfurized) were

able to breakdown during the grinding operations introducing

hydrogen levels in the range from 2.5 to 5.5 ppm.

From the statistical analysis of the test data we see that at

90% confidence level the maximum amount of hydiogen introduced

is between 5 to 6 ppm. Literature shows that the solubility limit

of hydrogen in bcc iron is between 10 to 12 ppm. It is known

that for a given available charge of hydrogen, more hydrogen will

be absorbed in a plastically deformed structure than in its

unworked counterpart. However, the variations in the solubility

as a function of the degree of plastic deformation is not clearly

known. With the exception of a few abnormally high readings we

have undoubtedly not reached the solubility limit in the machined

specimens. There is no question that some hydrogen was lost during
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the time lapse between the grinding and hydrogen analysis but it

is doubtful if this could be as high as 502. During grinding,

since hydrogen is introduced from the surface into the bulk of

the material, once the surface Is saturated with ionic hydrogen

or protons further introduction of protons would experience strong

electrostatic repulsive forces. More hydrogen can be introduced

only when this surface hydrogen content is changed. This can

explain the upper limit of 5 to 6 ppm of hydrogen pick-up for

the machined specimens. This limit may vary depeuding on the

degree of severity of the grinding operations and the ease of

breakdown of the machining fluid used.

4.4 COMPARISON OF THE RESULTS OF UNANNEALED AND ANNEALED SPECIMENS

With two exceptions in almost all other cases and for both water

soluble and oil base fluids a larger amount of hydrogen was intro-

duced into the annealed specimens than in their unannealed

counterparts.

It is uell known that cold deformation gives rise to an increase

in the density of lattice imperfections and therefore, less

restrict-ng positions are provided for occupancy of hydrogen
6atoms . Thus, when compared to the unprestrained steel, the

hydrogen solubility in the plastically deformed material is

increased, the interaction energy becomes less positive, the

entropy is increased or becomes more positive and the suscepti-

bility to hydrogen embrittlement is reduced accordingly. Uhlig,
7

et al reported a marked enhancement of the resistance to crack-

ing of intensely cold worked and hydrogen charged specimens. The

specimens made of low carbon martensitic alloy containing 10 to

19 percent nickel were stressed parallel to the rolling direction.

The rapidly increasing failure times, measured by Bates on USS

18-2-2 austenitic steels with 10 to 20 percent cold reduction

produced after a heat treatment of 1800*F is also explained by

the same mechanism when discussed in view of a hydrogen induced

failure. The initial decrease in fracture time indicated that

the minimum degree of cold deformation must be greater than
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-10 percent, i~e., a Ulmta degree of lattice cowpressioc is

required te make this mechaniem applicable.

Let us look at the unannealed aud annxealed: specimen atnictures in

the present. case in'lisjt of the above discussi, Trhese specimens

w .ere prepared by first cutting appropriate sections from the as-

* received mterial, millintg then to proper size, heat treating to

160-280 ksi strength level'and then annealing 502 of the total

number of, speciamot at. 120VP for 3 hours. in a.vacuum furnace.

During the-cutting and tilin operations-the specias are suab-

Jetted.-to severe cold work. This cold work had 'adoub tedly

increased the density of lattice iwperfections (dislocations,..
vacacies and interstia) nthmaeial. Thoubsequent

heat. treatimnt. oprtinw ich ivis susteniuing. at 1550 for.

oue hour and oil quenchin, foloved b- tctmpe-tg at 4Z5*F. for two
hours would chaknge -the* defect structure in the following manner,

lut ing the austtoiziug trestant t-he excess vacancies and iucer-_

s ,ttials. (inatroduced by the'.cold work). would go to. sinks, 'the

density of -disiocatins would dectreas bu n h il quevvchk

t reatust aPart of. the density of ktcaucins ip: thermal su~b

ritm: at 1350' would-be queached Intothlaic. insth
quench. rate4 As very- rapid the highly enbils vacancies _would c
-t iau to In'teract with sinks jik. #elticu vihsyte

the nOrunurea It the. f ial nt.t islet 'with. a compicsted.

array of dislocuatin network. Tnfollowing tempering operat-ion

at 4W5? rot two hours revn the ezssqecs-o cant e

and ae*rranges the dislocot ice nttorI in a£or U ts ttC tfootita

tn Tedensity of disk cf'inoa at th-is stope would be uch

salt -thet Lf tet the cutting soad-milling operations. Sucha
* s~.tructure 1* nterrsd here as the ucnae tt.when this

structuve t enteale st I200? for 3 hours and furvace cooled
*the density a dialocaias is keteased &rthsr. in Other-_
* ~Wo momre"c tesaea the tmmnsae specimen would4"W" tl"



have a more open structure. When these two structures are

subjected to the same charge of hydrogen the unannealed structure

should be able to accommodate or absorb more hydrogen atoms than

the annealed structure. In this program, as seen above, the

annealed specimens absorbed more hydrogen than their unannealed

counterparts when subjected to identicil grinding operations.

It is assumed here, of course, that during the grinding opera-

tion the machining fluid breaks down in such a manner that it

provides both the U and A specimens to the same charge of hydro-

gen. However, surface hardness measurements showed that U were

harder than A specimens. Thus, during the grinding operation

one would expect the wheel to see a higher resistance to grind-

ing in the U case than in A and as a result more fluid breakdown

(higher hydrogen charge) would occur in the grinding of U speci-

mens. However, this argument does not support the present observa-

tions. From the observed hydrogen data it appears that during

the grinding operations many more dislocations are introduced

in A specimens than U resulting in higher hydrogen content in A
7 8

specimens. In Uhlig's7 and Bates experiments the specimens were

first intensely cold worked and then subjected to hydrogen charge.

In the case of U and A specimens the hydrogen charge is taking

place concurrently along with the cold work during machining.

This could be a very significant difference. Also Bates has

reported that the initial decrease in fracture time occurs when

the minimum degree, of cold deformation is greater than 10 per-

cent. The following questions imediately arise:

1. Instead of annealing the specimens at 1200*F for 3 hours if

the U specimens are severly cold worked and then compared with

unworked specimens (for hydrogen intake during grinding) would

(H)CW be greater than (H) u?

2. Would the enhancement of the resistance to cracking for intensely

cold worked and hydrogen charged specimens be different from the

case where cold working and hydrogen charging is taking place
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concurrently or simultaneously? Would the 10% limit of minimum

degree of cold deformation to observe the initial decreaso in
8

fracture time as reported by Bates heild good for the c-ase

where hydrogen charge is taking plaLce rcoacurrently with cold

work?

3. Would the era,;: Propagation rate change as a result of howi and

wihen the hydrogen is charged (after coidvoik or concurrently with

cold work)?

4. Are freshly created dislocations =mch more active-in trapping

hydrogen stomas than those which'are already present in the

specimens?

Aneweru to-these questions can have a significant practical

iizportonce in afr as'the. hydrogen induced damage during fabri-

cation and service-conditious of a hardware is concerned.

4.5 HYDROGEN PICK-UP DUUMI LOVW HS AM~ ABUSIVE GR1NDUX 0MU~TIZNS

The results clearly show tbat al1 the machiniug fluids breskdova dUring

L 17,G and AG operatiotntroducing Uwgeon i. th. teel w~sciUMe1i. In

the wajority, oft ase4 abusive gritkding intsoduced a higher asmunt of
bylrogen tha. lo0w sttes Srindiing. This is vxetdbcueI bsv

grinding a larger. awount, of hydrogen is generated and the specimen

surfaces are subjected to a higher degree of cold work.

For tha sake of discussion, let us aswn -that in. t6e starting

material,. just, prior to gSrinding 3, the *pecimens have a rahdom
distribution of hydrogitz, During the. grzinng oration part of
the hydrogen gentvated penatrktes -thsi Sroud specimn. At tho

enmd of tb. grindig 'operation itrz: *ay be a ecncetratiol pmadient

of hydtogen frft tha surface itito the- bulk of the mattrial.'.

Thu.3 theo is a poissibility that a sall prcentaga of surfaawe

b""m or untropwe hydragm~ atom. rosiding inthe a*e.** lmtyt~

t ground surfac W y MY ap during the elapsed tim betftft maChinin
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and hydrogen analysis-and 4uring the C 2 cleaning procedure. This could

expisin the cases where (H) AG was less than (Hi) LsG It is assumed

here that the base level of the specim~en in question are the same.

It is also assumed that all the specimens subjected to LSG are exposed

to an idential charge of hydrogen. The same assumption is made for

the AG case.

There is evidence in the literature 1that specimns containling hydrogen,

introduced by any typ of charging proc,-u.reloehdonwe trd

at room temperature. The rate of hydrogen loss is determined by a

nuber of variables, particularly composition, temperature, storage

time, and tn..a degree, spocimen, size. It is understood here that

hydrogen that escapea is free to escape. The data An the present case

clearly sh-jed that even when the vpecizens were analyzed after-a lapse

of two or three days the hydrogen levels were close to that seer- On

the first day or a few flours After the grinding operation. In fact

most of the free hydrogen which could escape would have escaped duiring

the hot alkaline cleaning proredure.

Iublishod litte:sti-re'shea that in the case of high strength steels

only I to 2 PPm 0.1 Iydrogen MAy be detintal to their strength and

tould cause hydrogen .embrit tlet t failure-. in the present case it is

seen that hydrogen levels* between 1 to 5 p r introduced during. the

.rindin& opqrsti,:i. One would tend t'O believe that -in the prtsent

cae most it not *l1 th.ecinn # uld be susceptible tohdoe

toirittleaecht failure.. testing for ri ri tt lmnmt failure WAS of course

beyond the scope-of thig work but some. Intertsti-g -aid significant

'ohaervations were sade. on the hydrogen evolution rate during t.e.
hyrgnacyi hich is- the subject of discussion of the net

sectionl. It should be. noted that the hydrogen embrittlemeat

4fai-lurea referred in the literature are a teauiltof the 'amount:

of' hydrogen distrihcuted, in the b ulk or volume. of tespecimen.. During

ahinilug, hydrog4Ii-i U introdu~ced -frooi th urfe"c io ebulk of

tho atatial. Thus it is. important to know wheth'er mot of-th# hydroen

is residing close -to 'the. surace 4r. if - tro is a- comcatratiou gtadient

f r" the sUrface into -the bulk of the material. This would-haves
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bearing on the surface to volume ratio of the charged specimens. For

example, in the presence of a gradient, a specimen with a large sur-

face to volume ratio will be more susceptible to hydrogen embrittlement

failure than one with a very small surface to volume ratio.

4.6 ESTIMATE OF SURFACE HYDROGEN CONTENT IN MACHINED SPECIMENS

The extremely high sensitivity and the fast detection response of the

hydrogen detector requires controlled extraction of hydrogen from the

test specimens. Complete extraction is accomplished by totally melting

the specimen. Increasing the specimen temperature rapidly to its melt-

ing point generally results in the swamping of the detector and in some

cases damages the metallic membrane. In cases where the hydrogen con-

tent is unknown a calibrated flow division is provided and the tempera-

ture of the specimen is raised to its melting point in two or three

steps. At low temperatures the surface hydrogen is given off and at

high temperatures hydrogen from the total volume or bulk of the speci-

men is extracted. When the surface hydrogen content is high the tempera-

ture is raised in three increments to the melting point of the specimens.

For samples with low surface hydrogen the temperature is raised in two

steps. Since the hydrogen extraction requires high temperatures the

surface hydrogen referred above also contains a certain unknown

percentage of the bulk hydrogen.

In the present series of experiments, since the determination of surface

contribution wa3 not called for, the specimen ter rature was raised as

rapidly as possible (taking care not to swamp the detector) to its melting

point. However, a careful examination of the hydrogen analysis curves

revealed a very significant phenomenon. With the exception of a few

cases in most instances two hydrogen peaks were observed. The first to

appear was the low temperature peak where most of the surface hydrogen

was given off. Following this, the high temperature peak was observed

where the bulk hydrogen was extracted. During surface grinding the

breakdown of the machining fluid introduces hydrogen into the specimens.

In the present investigation all the machining variables were held the

same for different machining fluids used. The purpose of this approach

was to measure the differences in hydrogen introduction (total hydrogen

41



content) as a result of the breakdown of different machining fluids

during grinding. A fluid which can easily breakdown is liable to intro-

duce more hydrogen. Larger the breakdown more severe the hydrogen

concentration gradient (from the surface into the bulk of the material)

is going to be. Furthermore, higher hydrogen concentration on the surface

will provide a greater driving force for hydrogen diffusion into the

bulk of the material. During low temperature hydrogen extraction a great

part of this surface hydrogen is given off but some fraction of this also

penetrates into the material. If the specimen is held for prolonged time

at this low temperature some bulk hydrogen may also diffuse out. This

means that for accurate determination of surface contribution all the

specimens should have been taken to the same low temperature and held

thE.e for equal lengths of time so that a meaningful relative comparison

could be made. However, for the present discussion a very rough estimate

of the surface hydrogen content was made for a few machined specimens.

Low stress grinding followed by C2 cleaning procedure was chosen for this

discussion. It was also assumed that Ybout 202 of the volume hydrogen

content consisted of the surface part which was driven into the material

-during low temperature extraction. The results of such calculations

are given below:

Machining Fluid Average Cz Average
Surface H Content Total H Content
Total H Content PPM

Water Soluble

Neutral 78.2 2.34

Sulfurized 55.8 5.5

Clorinated 38.4 4.93

Oil Base

Neutral 49.9 4.06

Sulfurized 35.1 5.35

Chlorinated 44.5 4.28
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As can be seen, with the exception of neutral soluble oil in all other

cases between 35 to 55 percent of the total hydrogen (including the

base level) constituted the surface part. In the case of neutral

soluble oil about 78 per cent of the total came from the surface. The

mere fact that surface hydrogen can be extracted at low temperatures

implies that this hydrogen -s relatively mobile and free to move around.

If such specimens are subjected to stress (soon after machining and

tleaning but not subjected to baking) it is this hydrogen which is most

likely to migrate to high stress points leading to brittle failure.

There is considerable discussion in the literature with regard to the

role of locked-in and mobile hydrogen in the enbrittlement initiation.

The time dependency in sustained load testing and migration of hydrogen

to triaxial stress points as proposed by Troiano9 (where it was shown

that crack growth is a discontinuous process) suggests diffusion

mechanism of free hydrogen.

The diffusion of free hydrogen to high stress points requires specimen

size consideratiGns. In the present case the specimen size was

1/4"xl/4"xl/4" and the specimen weight was about 2 gram. Let us con-

sider, for example, the case of a wedge opening loaded specimen made

out of 4340 steel and subjected to identical grinding conditions with

the same machining fluids as used in this study. The size of such

specimens is normally 3/4" W x 3/4" H x 2" L. The differences in the

geometrical size factors are given below:

Specimen Size Specimen Size
(1/4" x 1/4" x 1/4") (3/4" x 3/4" x 2")

Surface Area of Ground 1/8in 2  3 in2

faces (2 faces)

Volume of the Specimen 1/64 in 3  1-(1/8)in3

Surface to Volume Ratio 8/in. 2.67/in.

Weight of the Specimen 2 gm 288 gm

For the sake of discussion let us assume that both these specimens have

the same level of base hydrogen. Consider the case of the 1/4" cube

vhere the total hydrogen content was 8 ppm (by weight) after grinding
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with a given machining fluid. This is equivalent to 16 x l0 - 6 gras

of hydrogen. In other words 128 x l0 " grams of hydrogen will be

introduced for every square inch of surface subjected to the above

grinding operation. If the wedge opening loaded specimens are sub-

Jected to the same process the amount of hydrogen introduced would be
-6

484 x 10 grams or approximately 1.66 ppm (by weight). Now suppose

one wants to measure the influence of this excess hydrogen (as intro-

duced during grinding) ot the crack propagation rate in the wedge

opening loaded notched Ppecimens. If hydrogen is influential in

affecting the crack propagation rate, the free or mobile hydrogen will

have to migrate to the crack zone when the specimen is loaded. We have

seen above that a great percentage of this free hydrogen remains in the

close proximity cf the surface. Thus if the specimens are tested soon

after grinding and cleaning (without baking prior to tests) the free

hydrogen will have to migrate a great distance and because of stress

distribution may take a very long time to influence the crack

rate. Thus not seeing any change during the limited time of test-

ing one may conclude that such a fluid in the grinding operation

is not detrimental to the product or there is no concern for the

hydrogen induced damage. However, if the same specimen is baked

for a short period of time at a low temperature, part of the surface

hydrogen will escape and the remaining will diffuse into the material.

Testing of such baked specimens is more likely to show changes in

the crack propagation rate because of the relatively shorter distances

that the hydrogen atoms have to move.

The stress distribution in the wedged specimen is such that the crack

zone sees the maximum stress and the outer surfaces of this specimen

is subjected to practically minimal stress. As such in the umbakad

machined specimens, where most of the hydrogen is in the close vicinity

of the outer surfaces, chances are that there is a minimum amount of

stress induced migration of this hydrogen from the outer surface into

the bulk of the material. However this situation will be totally

different in the case of notched tensile specimens. The geometry of the

NTS specimens is such that under load the surface and volume both see

about the same stress levels. Thus if the NTS specimens are machined

44



with the fluids used in this program it should be far more easier to

check for the hydrogen induced damage or their :usceptibility to

hydrogen ebrittlement failures.

The above discassion is only speculative and should be investigated

with suitably designed experiments. Several assumptions were made

including the following: (a) samse degree of machining is required in

the wedge specimens to remove the same amount of material as in 1/4"

cubes, (b) the baking temperature and times are such that a part of the

hydrogen escapes out and the remaining diffuses into the material to

points from where stress induced diffusion to the crack tip is possible,

(c) the mount of hydrogen introduced is directly proportional to the

area of the machined surfaces and (d) free hydrogen is available which

can move under the application of external stress.

Some eight years ago Brittain 0 attempted to correlate the mobile hydrogen

content with the delayed failure behavior of a steel alloy. He concluded

that it is not the total hydrogen obtained at high extraction temperature

which causes hydrogen eebrittlement, but rather that portion extracted at

a temperature as low as 350*C (the mobile hydrogen). In Brittain's

work high strength steel specimens were cyanide cadmium plated, baked,

and the delayed brittle failure performance was investigated under

sustained loads. After removal of the cadmium plating, the 'mobile

hydrogen" was determined on the ends of the broken notched tensile

specimens. It was assumed here that after plating and baking there was

a uniform distribution of hydrogen and a fraction of this hydrogen

was mobile or free to move. Apparently under the application of the

stress the mobile hydrogen migrates to high stress points resulting

in brittle failure. Very low (-.05 ppm) hydrogen contents were reported

as being sufficient to induce hydrogen embrittlement.

It is emphasized that the ebrittlement determining hydrogen concentra-

tion depends on numerous variables such as the composition of steel, its

hardness, the hydrogen solubility and diffusivity. Very little is known

about the relationship between the hydrogen distribution inside a metal

and its embrittlement behavior and the role of total and mobile hydrogen

in ebrittlement initiation is still open to discussion.
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5.0 CONCLUSIONS

The following conclusions are drawn from the test results described in

Section 4:

1. Significant amounts of hydrogen was introduced ir 4340 high stre-agth

steel specimens (heat treated to 260,000 to 280,000 lb/in2 strength

level) during surface grinding operations as a result of the breakdown

of the machining fluids. With the exception of a few abnormally high

readings, the average upper limit of hydrogen content was 5.5 ppm in

the machined specimens. Such high hydrogen levels can cause embrittle-

ment of these specimens.

2. In general it was found that the degree of scatter or the random

variation in the test data increased with increasing hydrogen content

in the ground specimens. Also from the present series of limited

data it is difficult to assess which series of machining fluids (water

soluble or oil base) is prone to introducing more hydrogen in ground

specimens. This conclusion is based on the following factors:

a) Unknown percentage of hydrogen lost during the C2 cleaning pro-

cedure which involves a high temperature operation.

b) Soluble fluids giving high surface hydrogen readings and oil base

fluids giving higher total hydrogen readings.

c) Relatively high randomness or high degree of scatter observed in

the data of sulfurized water soluble and all the three oil base

fluids.

3. With the exception of a few cases, more hydrogen was introduced during

abusive grinding than in the low stress grinding of the specimens.

4. With the exception of a few cases, the hydrogen levels in annealed

specimens were either comparable to or slightly higher than the

unannealed specimens after machining. This can be due to one or a

combination of the following reasons:
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a) A 3 hour anneal at 1200°F may not be enough to reduce the dislocation

density to a point where significant differences in hydrogen

absorbtion during grinding could be seen between the annealed

and unannealed specimens.

b) There may be a crit4cal level Lor the difference in the dislocation

density of unannealed and annealed specimens to support the hypothesis

that significantly more hydrogen can be absorbed in an open structure

In a given surface grinding operation.

c) For a given charge of hydrogen on a specimen surface, more hydrogen

may be introduced in the case where hydrogen is charged concurrently

with plastic deformation than in the case where the specimens are

first cold-worked aad then charged with hydrogen.

5. Among the neutral, chlorinated and sulfurized soluble oils, the' sulfurized

fluid introduced the highest level of hydrogen. Clorinated fluid showed

some signs of inhibiting hydrogen introduction.

6. Among the neutral, chlorinated and sulfurized oil base fluids there

was not much difference between the hydrogen contents. All the

three fluids introduced significant amounts of hydrogen.

7. On a relative basis both in the case of soluble oils and oil base

fluids it appears that the sulfurized fluids introduced a high amount -

of hydrogen.

8. The operating procedure for the hydrogen extraction was such that c

was possible to get an estimate of surface or low temperature hydrogen*

This was not planned for in this program but for the discussion put-

poses an estimate of surface hydrogen was made for all the fluids L

the case ot uun .ealud specimens subjected to low stress grindin"

operation. It was found that in the case of neutral soluble oil -about

78% of the totdl Iaydogen extracted constituted the surface part.,

In all other cases. the surfrce contribution was between 35 to 552

of the total extracted.
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9. Bsdoth-ufc nysaiisseuaethtunder the applies.-

relaivey mbilesuracehydrogen can migrate to high stress points

10. The results of this program have given rise to several questions as

described in *zhe text of this report. The answers to these questions

can be obtained by suitably designing the test program. As cited by

various workers in this field and based oL1 the published data on the

subject of hydtogez exbittlement, it is very important that in order

to Obtain reliable, results the test instrw~eut should be capable of

measuring; low hydroge costauts vith high &acuraay. The unique

features of the present anidytital system has not oiily met this

requirawmt successfully but is-capable of providing aniswers to the

questiohs~ tbich hAve come up as a result of this t wet program. in a

Cost effective manner.
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6.0 RECOMMEIDATIONS FOR FUTURE STUDY

The results of hydrogen analysis by themselves are of no practical importance

unless it is shown that when present in a given amount it can be detrimental

to the performance of a product. The critical waount of hydrogen which can

embrittle high strength steel structures ie not clearly known, although the

available data suggest the amunt to be in the range of 1 to 2 ppm or less.

In the present program it has been shown that as much as 5 to 6 ppm of hydrogen

can be introduced in high strength steel specimens as a result of the breakdown

of the machining fluids during surface grinding operations. It is also shown

that a significant part of this hydrogen resides in the close vicinity of the

ground surface. A follow-on to this program should be a study of the notched

tensile specimens under sustained loads. The tensile specimens should be

prepared by machining them with the same fluids as used in this program.

Thereafter, following the conventional sustained load testing procedures, the

specimens should be tested for their susceptibility to hydrogen embrittlement

failure. The machined specimens should be tested under the following condi-

tions: (a) soon after machining and (b) after machining and baking at a low

temperature for a predetermined length of time.

In the machined specimens a hydrogen concentration gradient may exist from

the surface into the bulk of the material. Existence of this concentration

gradient can be tested by using the laser-microprobe hydrogen analysis system.

The procedure will involve carefully sectioning the specimen after machining

and then measuring the hydrogen content by scanning the sectioned surface

with a .01 in. diameter laser beam using a CW high wattage laser source.

Published literature shows that under the application of an external stress

the mobile or free hydrogen moves to the high stress points thus initiating

enbrittlement in a specimen. This implies that the higher the available

mobile hydrogen content, more susceptible the material will be to embrittle-

ment failure. In the present case of machined specimens, large amounts of

surface hydrogen was seen to evolve at relatively low temperature which
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indicates that under the application of an external stress these specimens

can suffer embrittlexent failure. Exactly how much of this mobile hydrogen

is required to initiate the asirittlement is not kno and should be investi-

gated. In general the effect of mobile hydrogen on the mechanical and

fracture properties of high strength structural materials requires attention

because under the application of an external stress it is this hydrogen

which is most likely to cause damage. Some data pertaining to the role of

mobile hydrogen can be easily obtained by machining the wedge opening loaded

specimens with the machining fluids used in the present program. Subsequent

to machining a few specimens should be baked at a low temperature for a short

interval of time. The differences in the crack propagation rate in the baked

and unbaked wedged specimens should provide some insight into the role of

mobile hydrogen. The notched tensile testing experiments as described in

the first paragraph of this section should also provide information concern-

ing the mobile hydrogen. It should be noted that under load, the stresses as

seen by the surface and internal volume are quite different in the case of

a wedged specimen. Whereas, in the case of a loaded NTS specimen the surface

and internal volume see almost identical stress levels.

In fact, a slightly modified version of the above experiments should be able

to provide extremely useful information with regard to the stress induced

and thermally activated diffusivity of hydrogen. For example, suppose a

NUS specineu is machined with either water soluble or oil base sulfurized

fluid. For the sake of discussion let us assume that all the specimens

machined in an ideptical manner absorb the ame anunt of hydrogen. When

such specimens are loaded for a predetermined length of time, the hydrogen

introduced during machining should migrate to the notch area. Thus a

measure of the hydrogen content soon after machining and after machining

and loading should give an estimate of the stress induced migration of

hydrogen into the notch area. Varying the stress level should give a

relation between the applied load and the hydrogen concentration in the

notch area. In a subsequent experiment similarly machined NTS specimens

should be loaded at a given stress level for the same length of time as

above. However, in this case under a constant load different specimens

should be subjected to different levels of temperature and then analyzed
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for hydrogen content. This would give a relationship between the

thermally activated hydrogen content that has diffused into the notch

zone (under a given constant load) and the operating temperature.

In summary, it is emphasized that the embrittlement determining hydrogen

concentration in steel depends on ntmerous variables. Among them the

composition of steel, its hardness, the internal structure (variations

in line and point defects), the hydrogen selubility and hydrogen dif-

fusivity are considered to be primary variables. In spite of an enormous

amount of research in this area very little is known about the relationship

between the distribution of hydrogen inside the metal and its embrittlement

behavior. All that is known for certain is that the presence of excessive

amounts of hydrogen will make high strength steel structures susceptible

to brittle failure. While we are still trying to understand the basic

mechanism of hydrogen embrittlement, we should continue to study the

behavior of such materials under practical considerations of fabric.tion

and service variables. The experiments described in this section do take

into account some of the fabrication and service variables. As a practical

application, the results of such studies should contribute directly to the

improvement of :b17e integrity and reliability of hardware.
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TABLE 2. LOW STRESS GRLDING

A. Preliminary Preparations

1. End Milling - to be carried out prior to heat treatment

Cutter diameter, in. 4
Tool material (370) Carbide
Feed, in/tooth .005

Cutting speed, ft/min. 200
Tool wear (max.) .010
Cutter Six teeth
Fluid Dry

End milling carried out to reduce specimen thickness to about .030 in.
oversize.

2. Grinding - After Heat Treatment

Grinding wheel (32A46G10LV*)AA46H8V40
Wheel speed, ft/min. 3100 (825RPM)
Depth of grind, in. .020

First .018 in. at .0005 in/pass.
Donfeed, in/pass. Second .0008 in. at .0004 in/pass.

Last .0012 in. at .0002 in/pass.
Crossfeed, in/pass. .050
Table speed, ft/min. 40
Fluid One of prescribed machining

fluids in Table I

Grinding carried out to .010 in. oversize in thickness.

B. Low Stress Grinding Conditions - Final Cuts

Grinding wheel (A46HV*)A465J5V30
Wheel speed, ft/min. 2000 (540RPM)
Table speed, ft/mmn. 40
Depth of grind, in. .010

First .0080 in. at .0005 in/pass.
Downfeed Second .0008 in. at .0005 in/pass.

Last .0012 in. at .0002 In/pass.
Wheel dressing 5 traverses at .001 in.

removal per traverse
2 sparkouts

Diamond traverse rate (in/sec.) 1/7
Crossfeed, in/pass. .050
Fluid Same as in A.2 (preliminary

grinding)

*Not available. An equivalent grinding wheel was used.
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TABLE 3. ABUSIVE GRINDING

A. Preliminary Preparationms

Same as those outlined in A.]. and A.2 of Table II.

B. Abusive Grinding Ccaditiao.s - Final Cuts

Grinding wheel (A46MV*) DA606VIl
Wheel speed, ft/min. 6000 (1625 RPM)
Table apeed, Zt/,uin. 40
Depth of grind, in, .010
Dowafeed, in/pass. .002

Wheel Dressing:
5 traverses at .001 in. removal per transverse
2 traverses at .0005 in. removal per traverce
5 traverses at .0002 iu. removal per traverse
4 sparkouts

Diamond traverse rate, in/see. 1/21
Crossfeed, in/pass. .050
Fluid Same fluid used in preliminary

grind ing

*Not avallable. An equivale-nt grinding wheel was used.
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